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Abstract

An experimental technique is developed to impose a planar lateral confinement in a prismatic specimen (with rectangular
cross-section); the setup enabled a controlled and homogeneous stress state with high lateral compressive stresses. A
transparent polycrystalline aluminum oxynitride (AION) specimen was used for the study. The statically pre-compressed
specimen was then subjected to axial dynamic compressive loading using a modified compression Kolsky bar setup.
Experimental design was performed using 3D computational modeling. Initial exploratory experiments were conducted on
AION at average planar confinement of 400 — 410 MPa; the results suggested a higher compressive strength and a non-
linear stress evolution in AION due to the confinement. A high-speed camera was used to observe the damage evolution in
the specimen during the course of loading. The photographs and stress evolution are suggestive of an additional inelastic
deformation mechanism, evolution of which is slower than the typical brittle-cracking type of damage apparent in the
unconfined case. The TEM and HREM analysis indicated dislocation plasticity in some fragments; dislocations in the slip
bands were characterized to be dissociated <110> dislocations on {111} planes. The width between two partial dislocations
was about 15 nm, suggesting low stacking fault energy of AION. Microscopic characterization also reveals that the

eventual ~ fragmentation of AION is by

1. Introduction

There have been several investigations aimed at
demonstrating the effects of confinement on the overall
compressive behavior of brittle materials like rocks,
ceramics and even ice (see e.g. [1; 2; 3] for experiments
under quasi-static loading conditions). It is well established
that the mechanical behavior of such materials strongly
depends on intrinsic stress-concentration regions like micro-
flaws, micro-voids and -elasticity-mismatch at the grain
boundaries. These regions (sometimes called defects) are
believed to transform global compressive stresses in to a
population of local tensile zones, leading to the activation of
tensile cracks [2; 4]. Upon continued loading, these tensile
cracks propagate and coalesce, and thereby cause the
material to lose its load-carrying capacity. Increase in the
confinement inhibits the nucleation of these cracks and also
their propagation, which leads to an increase in the
material’s load carrying capacity (or the compressive failure
stress). This phenomenon has been observed a number of
times by means of experiments (e.g. [1; 5]) and recently, in
analytical/numerical simulations (e.g. [6; 7]). It has also
been reported that if the confinement is high enough to
significantly suppress the crack-growth, these nominally
brittle materials might yield plastically, perhaps achieving
an upper limit of the compressive strength [8].

During ballistic  impact events, ceramic
components are subjected to a combination of varying
degrees of confinement and dynamic loading rates. One of
the popular experimental methods used in high strain-rate
investigations is the well established modified compression
Kolsky bar (MKB) technique which generates a
homogeneous high strain-rate compressive loading in the
range of 10° — 10* s™ [9]. This technique has also been used
to examine the effects of confinement on the failure
behavior of ceramics undergoing dynamic compression. For
example, Chen and Ravichandran [10] conducted recovery
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experiments on pre-compressed AIN specimens using
MKB. Post-mortem observations suggested that the
specimens developed localized conjugate sets of faults
containing high crack density in the presence of lateral
confinement of 200 MPa (as opposed to axially oriented
micro-cracks in its absence). Recently, such recovery
experiments were also conducted on SiC-N specimens (in
un-published work by H. Wang & K. T. Ramesh in 2003)
using metal sleeves to generate lateral confinement of
around 335 MPa. They observed the formation of a
localized zone of very high crack density in the presence
of confinement. Lankford et al. [11] have conducted
similar recovery experiments on a confined AD-995
alumina specimen where an autofrettage device was used
to pre-compress the cylindrical specimen to a hydrostatic
pressure of ~ 600 MPa; the post-mortem results suggested
that the confinement caused a failure mode transition
from brittle fracture (in the absence of confinement) to
extensive multi-slip plastic flow without any macro-
cracking in the material. More recently, plate impact
recovery experiments conducted on AD-995 alumina [12]
suggested a deformation mode transition when the impact
pressures were increased from below to above the
Hugoniot elastic limit or HEL (from an inter-granular
fracture below the HEL to trans-granular cleavage along
deformation twins above the HEL).

Thus, the experimental observations suggest that
confinement has a profound effect on the overall
compressive failure mechanism in ceramics. However,
such characterizations have been solely based on post-
mortem analysis of the specimen rather than through
direct observations of failure processes during the course
of loading. Several computational models (e.g.[13; 14;
15]) that attempt to simulate the behavior of brittle
materials under complex loading conditions require more
fundamental information about failure processes (than can
be provided from post-mortem analyses alone).

planes.
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In this paper, a novel experimental technique is
used in conjunction with a high-speed camera to study the in
situ  dynamic failure behavior of materials under
confinement. A homogeneous planar confinement is
generated in a prismatic specimen along one of the three
specimen axes, the dynamic loading is imposed (using
MKB) along the second specimen axis and the third axis is
used for the ultra-high-speed photography. The confinement
level stays relatively uniform, both spatially and temporally,
during the course of loading (as determined through
numerical simulations). The technique is applied to study
the dynamic compressive failure behavior of a transparent
polycrystalline aluminum oxynitride (AION) ceramic under
confinement. The unconfined dynamic uniaxial compressive
behavior of AION is presented in our earlier work [16];
hence the present study also aims at providing a
comparative analysis of the deformation behavior of AION
with and without the confinement.

In the next section the experimental setup that
provides the detailed description of the confining design is
discussed, together with a finite element (FE) analysis that
simulates the change in the level of constraint during the
course of dynamic loading. This is followed by a section on
experimental results and discussion and finally by a
summary.

2. Experimental Setup

2.1 Material Investigated

Aluminum oxynitride is a nitrogen stabilized spinel
phase of alumina and is compositionally centered at around
35.7mol% AIN and 64.3mol% Al,O; (equivalent to the
stoichiometric composition Aly0,;Ns). Comprehensive
reviews of AION and AIN-AI,O; systems can be found in
[17; 18]. The mechanical properties of AION are generally
comparable to those of a-Al,O;. Owing to its optically
isotropic cubic crystal structure, fully dense, polycrystalline
bodies can be rendered completely transparent, making it a
viable candidate for applications requiring high strength and
broad electromagnetic transparency [18; 19]. The material
investigated here was fabricated using a proprietary powder
processing technique by Surmet Corporation (Burlington,
MA) and was obtained in the form of rectangular plates. It
was then machined into prismatic specimens 5.2 mm long,
with a rectangular cross-section of 4.2 X 2.3 mm. The
surfaces were ground and polished within 1 pm; the
opposite faces were polished parallel to an accuracy of 5
pm. Density was determined, using the Archimedes method,
to be 3.673 g/cm®. Table 1 illustrates the representative
properties of polycrystalline AION (unless otherwise stated,
most properties are from Table 2 of Ref. [18]).

2.2 Confined Dynamic Compression Experiments
The design of the confinement fixture is shown in
Fig. 1. The AION prismatic specimen (shown in green in the
figure) is placed between two very hard steel “T-blocks”
made from ~ HRC 55 hardened AISI 4140 steel alloy. The
blocks were polished to obtain precise dimensions and a
mirror surface finish. Compressive stress was generated by
tightening four high-strength screws that go through four

guide holes and four threaded holes in the top and bottom
blocks, respectively.
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FIG. 1: Schematic of the assembly showing the specimen (in
green) placed between the two bars (along axis-1) and is
constrained in a confining frame that generates lateral stresses
along axis-2. The inset shows the chamfered cushion geometry
and the clearance between the bars and the T-blocks.

Table 1
Property AION
Density, g-cm™ 3.673 [16]
Hardness, GPa 13.840.3 (HK;), 15.5 (HV>) [20]
Young's modulus, GPa 307 - 320

Poisson’s ratio 0.25

2.22+0.3 at 10° MPa/ps
3.5+0.25 at 200 MPa/ ps  [16]
2.4-2.9, 2.4+0.11]20], 3.96 [21]
150 - 200 [22]

10.13-10.3

5.78-5.9

10.04 £ 0.7 [23]

11.2-12.1 [24]

11-11.4 [25]

10.3- 10.6 [26]

Compressive strength, GPa

Fracture toughness, MPa-m*2
Grain size, um

Longitudinal speed, kms™
Shear wave speed, kms™

HEL, Gpa

In order to reduce stress concentrations at the
specimen-block interfaces and generate a more
homogeneous compressive stress state in the specimen, a
500 pm thick, soft-annealed AISI 4140 steel ‘cushion’ is
sandwiched between the specimen and the T-blocks.
Numerical simulations performed using the commercial
ABAQUS FE package showed that this appreciably
reduces the stress concentrations in the specimen. The
inset in Fig. 1 shows the assembly and the geometry of
the cushion used in more detail, along with the T-block —
specimen and the cushion — specimen interfaces. One of
the dimensions of the T-blocks is smaller than the
specimen length in order to provide sufficient clearance
during the loading (that is, when the assembly is placed
between the incident and the transmitted bars, the stresses
are transmitted through the specimen alone and the bars
do not touch the T-blocks). The cushion has chamfered
ends (see the inset in Fig. 1) and covers the entire
specimen’s surface across its 5.21 mm length.

A torque-wrench is used to control the torque
and to ensure that equal torques were applied to all four
screws; the torque applied to the bolts is calibrated against
the compressive force that is transmitted through the
specimen using a cuboid calibration test-sample made
from Ti—6Al-4V. A fairly linear relationship between the
two is obtained, and this is useful to determine the level of
constraint in the specimen prior to the high strain-rate
compression experiments. In the confined dynamic
experiments described here, an average initial confining



stress S, of 400 — 410 MPa was generated. This
confinement level is likely to change during the dynamic
loading. A real time measurement of the confining stress
during the experiment is difficult to obtain given the sizes
and tolerances required in the assembly. Hence, 3D finite
element simulations were performed using ABAQUS /
STANDARD and EXPLICIT to determine the level of the
confinement in the specimen during the experiments. The
ceramic specimen was modeled using a continuum concrete-
damage-plasticity constitutive model and the T-blocks and
cushions were modeled using a classical elastic-plastic
constitutive model (the simulation details are provided
elsewhere [27]). The numerical results show very uniform
spatial confinement levels, which increase during the
dynamic loading from the initial average value of 400 MPa
to an average of ~500 MPa before the unloading begins in
the specimen.

Various mechanical confinement techniques have
been used in the past, such as a pressure vessel with
hydraulic fluid [28] or shrink-fitting a sleeve [29] or an
autofrettage device [30]). Our current design is simple to
implement, although it does not produce a hydrostatic state.
Moreover, it allows in situ observation of the failure
process, and it generates and maintains relatively uniform
confining stresses that either increase or remain relatively
constant during the dynamic axial loading.

Fig.2 shows the front view of the assembly
(captured by the high-speed camera along specimen axis-3)
prior to the dynamic loading. The confining assembly is
built in stages, and all of the specimen surfaces are
lubricated. The specimen was compressed vertically along
axis-2. The entire assembly process was performed on an
optical table with a fixture that could hold the bottom T-
block while the torque was being applied and maintaining
the specimen’s position during the entire process. The
assembly was then placed between two hard WC platens
along the incident and the transmitted bar ends.

The high strain rate compression tests were
performed using the well-established Kolsky bar (also called
the split-Hopkinson pressure bar); a high-speed camera was
also used to observe in situ the damage evolution in the
specimen. Details related to the Kolsky bar setup and high-
speed camera configurations, and complete description of
the design is provided are provided in [27]; details
pertaining to the diagnostics are provided in [16].

Screws

T-block 1

Cushion 1
Platen 1
Platen 2
AION
Cushion 2

T-block 2
2
1;1
FIG. 2: Photograph of the assembly taken from the high-speed

camera (along axis-3) showing its individual components prior to
the dynamic loading.

3. Results and Discussions

The results from the dynamic confined-
compression tests are presented as a series of high-speed
photographs together with the corresponding axial stress
history, indicating the times at which each photographic
exposure is made. Fig. 3(a) shows a sequence of frames
and a stress-time curve for a confined experiment and, for
comparison, Fig. 3(b) shows a single sequence of frames
and three stress-time curves from typical unconfined
(uniaxial compression) experiments [16]. The numbered
points on the stress histories correspond to the times at
which the eight numbered photographs were taken (with
inter-frame times of 2 s and exposure times of 200 ns for
the confined case, and 1 ps and 100 ns respectively for
the uniaxial case).

Examination of the stress-time curves shown in
Fig. 3(a) and 3(b) leads to two specific observations. First,
the peak stress of 4.4 GPa in the confined case is
substantially greater than that typically attained in
unconfined uniaxial compression. Second, the evolution
of the axial stress with time is very different in the
confined case. There is a pronounced decrease in the rate
of change of the axial stress after a stress level of about 3
GPa has been reached (the straight lines in Figure 3 (a)
are drawn to demonstrate this). Further, there is a
significant time (~3 ps) over which the axial stress
remains approximately constant near the peak stress
before the final stress collapse begins. The unconfined
uniaxial compression experiments do not exhibit these
features. Thus the examination of the stress-time
evolution alone suggests that the macroscopic response to
the material is affected by the confinement.

Direct visual evidence of the qualitative
difference between the confined and unconfined
behaviors can be seen when the high speed photographs
of Fig. 3 (a) (the confined case) are contrasted with the
photographs in Fig. 3 (b) (the unconfined case). In
examining all of these photographs, it should be
remembered that the camera and flash illuminators are
both on the same side of the specimen, so that newly
opened cracks show up as white areas because the crack
faces reflect the flash light into the camera sensor. Note
first that the appropriate comparison to make is between
the last four frames (5-8) in Fig. 3 (a) and the first four
frames (1-4) in Fig. 3 (b), since these represent times just
before the peak strength is attained in both cases.
However, frames (5-8) in Fig. 3 (a) represent 8us while
frames (1-4) in Fig. 3 (b) represent only 4ps. In the
unconfined case, clearly defined cracks initiate and grow
within the specimen (frames 2 and 3, 3 (b)) and then
coalesce to form a well-defined crack cloud (frame 4 of
Fig. 3 (b)) at a time close to the peak stress (this is fairly
typical in the unconfined case — more observations are
presented in [16]). In contrast, frames 5-8 in Fig. 3 (a) for
the confined case show no clearly defined cracks, no
high-contrast bright regions, and no crack cloud at the
time of the peak stress (frame 8 of Fig. 3 (a)). All that is
observed is a somewhat misty region, with poorly defined
boundaries, that begins close to a platen-specimen
interface and then grows slowly in a diffused manner as
the stress increases (the frames in Fig. 3 (a) are two s



apart, while those in Fig. 3 (b) are 1 us apart). At the time of
the peak stress in the confined sample, there is no evidence
of cracking. Frame 8 in Fig. 3 (a) is associated with the
peak-stress state in the specimen, but the specimen’s
appearance does not seem to be dramatically different from
that at the commencement of the loading (in contrast to
frames 1-4 in Fig. 3 (b)). The diffuse misty regions observed
in the confined case do not seem to be indicative of typical
‘brittle-cracking’ features such as sharp contrast and
prominent edges observed in the unconfined case. These
visual observations indicate that an additional quasi-
inelastic deformation mechanism is activated in the confined
case before the specimen moves towards a collapse of the
stress and final failure. Indeed, in another confined
experiment both the high-contrast brittle cracking behavior
and the diffuse misty regions were observed, identifying
these as two distinct processes.

o Hence, the experimental observations suggest that
the confinement not only changes the load carrying capacity
of the material, but also affects its overall macroscopic
response (which is evident from the axial stress evolution
curves). The photographs are suggestive of an additional
inelastic (plasticity-like) deformation mechanism, perhaps
due to dislocation-induced intra-crystalline slip. The damage
evolution due to this inelastic deformation mechanism is
demonstrably slower than that due to brittle cracking.
Understanding the observed mechanical behavior of AION,
as with all ceramics, requires an understanding of the nature
of the microstructural features inherent in the material that
influence the behavior and that have a variety of antecedent
(e.g. some of these features arise from the processing route).
As stated in the introduction, a number of these
microstructural features result in local stress concentrations,
and we call these “defects” for the purposes of this
discussion. Examples of such defects include inclusions,
pores, secondary phases at grain boundaries, elasticity
mismatch at grain boundaries and triple-points, pre-existing
microcracks, grain-size inhomogeneities (subsequently
referred as Class 1 defects), and even sub-grain features
such as twins and stacking faults (referred as Class 2
defects). Each of these types of “defects” is likely to play a
different role in the effective mechanical response of the
ceramic under different loading conditions. Within a
micromechanical framework, Class | defects are generally
modeled as elliptical or spherical pores and planar cracks
with cohesive and frictional resistance [31; 32]. Under
macroscopic uniaxial compression, such defects result in
stress concentrations (both mode-I tension and shear) that
trigger micro-crack nucleation and subsequent growth.
However, the presence of lateral confinement will reduce
the stress concentration and suppress micro-crack
nucleation, and also reduce the driving force for the growth
of the microcracks. Thus the action of Class | defects is
significantly suppressed by confinement. In contrast, the
higher stresses that are developed in the confined case
(given the suppression of the role of Class | defects) can
result in the growth of Class Il defect populations (i.e.,
twinning, dislocations, stacking faults) and the resulting
effective plasticity. Late in the experimental process in these
experiments, and particularly once unloading begins, the
Class Il defects may act as failure-initiation sites as well

(the micro-mechanism sometimes called micro-plasticity
induced micro-cracking).

The quantitative character of the “defect”
populations in AION is not known. However, a good deal
can be inferred about these populations on the basis of
specific experimental data. For example, shock
compression  experiments conducted on alumina
specimens have indicated a trend of decreasing HEL with
increase in the grain-size and porosity and decrease in the
purity [33; 34], and the compressive strength of ceramics
has been reported (both through experiments [8] and
models [35]) to be a strong function of grain size and
Class | defects [15]. Even though the grain-size of AION
is an order magnitude greater than that of AD-995, the
quasi-static uniaxial compressive strength of AION is
comparable to that of AD-995 and the HEL of AION is
reported to be higher than that of AD-995 (eg. [36]). This
suggests that AION has a comparatively homogeneous
microstructure with fewer Class | defects. Recent electron
microscopy and chemical analysis [37] have suggested
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FIG. 3: Photographs from the high-speed camera of the dynamic
failure process in (a) confined and (b) unconfined AION along
with the respective stress evolution curves on the right. The
interframe and the exposure time for the confined case are 2 ps
and 200 ns, respectively and for unconfined case are 1us and 100
ns, respectively (circled region in Frame-1 (and similar for other
frames) in 3 (b) shows the flow of the lubricant). Note the
damage evolution for the confined case is slower and the region
exhibits lower contrast in the photos compared with that of
unconfined case; stress evolution curve also suggest a non-linear
material response (accompanied by a higher peak stress) which is
not evident for the unconfined case.

that this AION has clean grain boundaries that are
generally free from glassy phases. In comparison AD-995
is reported to have an aluminosilicate glassy phase [36]
with micron and sub-micron sized voids and inclusions
that were identified from the grain boundaries and triple
junction points [12]. Further, because of the cubic crystal
structure of AION, it exhibits better symmetry at the grain
boundaries, with smaller stress concentrations due to
grain-to-grain elasticity mismatch (as compared to Al,O;
[38], which has a rhombohedral crystal structure). Table
below lists several measurements of the single crystal
elastic constants (c;j using the Voigt notation) of AION

40




Structure Ec;t]roplc Isotropic® | Isotropic | Isotropic? | Cubic Tt
Method ultrasound | RUS" RUS RUS RUS

i (GPa) | 369.24 391 387 393 392.7

Cs (GPa) | 122.66 129 128 130.9 130.8

¢z (GPa) | 123.92” 132 132 131.2 130.8

" Resonant Ultrasound Spectroscopy;** C12 = C11-2Cas

Thus, it appears that the Class | defect population
in this AION is relatively small (at least in comparison to
ceramics such as AD995), and we should expect the Class Il
defects to have a substantial role in the confined
experiments.

Under confined conditions, micro-cracking and
plasticity are the two major (often competing) sources of the
overall apparent inelastic  response.  Experimental
observations have suggested that under uniaxial
compression (quasi-static or dynamic), the characteristic of
the dominant failure mechanism is that micro-cracks
nucleate at various “defects” in the material, and then
propagate and interact (see [2; 16]) causing the material to
fail. Within the context of compressive brittle fracture
processes, the effects of the applied strain-rate, inherent
flaw distributions and the confinement-levels are paramount
and these are addressed below.

. Strain-rate:  Experimental,  numerical and
analytical-modeling results [7; 15; 40] have indicated that
brittle materials displays a transition to a stronger rate
sensitive behavior at a transition strain-rate (TSR) beyond

which their compressive strength o, increases dramatically

with the applied rate of loading (strain-rate beyond the TSR
are referred as the dynamic strain-rate). This phenomenon is
attributed to inertia-dominated dynamic damage evolution
in the material in which the rate of micro-crack growth
(nucleated from the pre-existing defects in the material)
decreases with the increase in the strain-rate, particularly at
very-high-rates beyond the TSR. Recent predictions from an
interacting micro-crack damage model [15] (in which the
inertial effects in the constitutive response arise as a result
of crack-growth dynamics) suggests that beyond the TSR,

higher strain-rate reduces the stress intensity factor K, at

the crack tips and thereby inhibits its growth. This also
causes the damage-distribution to spread more uniformly
over the pre-existing flaw population. Also, results from
experiments conducted on various ceramics [41; 42] have
indicated a higher fracture toughness value under dynamic
loading which further results in higher stresses required to
sustain the micro-crack growth as compared to the quasi-
static loading. Such crack growth suppression is likely to
favor localized plastic flow in the material (causing some
slip within the grains) and both micro-plasticity and micro-
cracking may contribute to the failure process at the very
high rates [43].

o Defect distributions: Recent findings from a
damage model in which pre-existing flaws are modeled as

! personal communication to J. W. McCauley by G. Lamberton, University
of Mississippi and T. Hartnett, Surmet Corporation

2 personal communication to J. W. McCauley by M. Radovic and E. Lara-
Curzio, Oak Ridge National Laboratory

closed rectilinear slits (frictional sliding of which causes
tensile ‘winged’ cracks to nucleate at their tips under
global compression [15]) illustrate the effects of flaw-size
distributions on the induced damage and on the
compressive strength of the material. This work shows
that not only does oc increase as the mean flaw-size
decreases, but oc also increases with the decrease in the
spread of the distribution (or the standard deviation with
respect to the mean). The model also predicts that
materials with lower flaw density n exhibit higher oc and
display (inertia-dominated) stronger strain-rate sensitivity
accompanied by a lower transition strain-rate. Recent
experimental observations on hot-pressed B,C, hot-
pressed SiC-N and sintered a-SiC [40] also supports this
result. Similarly, experimental results suggest that under
uniaxial compression AION (which has a lower flaw
density) exhibits stronger rate-sensitive behavior than
AD-995 (for example, a 15% increase in strength with
strain rate occurred at ~ 58 MPa/us loading-rate for AION
compared to ~ 360 MPa/us for AD-995 alumina?®).
Because the transition to the high rate sensitivity occurs at
lower strain-rate in a material with lower flaw density, the
effects associated with the decrease in the flaw density are
analogous to the dynamic effects associated with the
dynamic strain-rate loading [15].

. Confinement effects: Lateral confinement inhibits
micro-crack nucleation and growth [2], although brittle
failure is still dominant if the confinement level is low
enough that the stresses do not exceed the critical
resolved shear stress (CRSS) required for plastic flow on
the crystallographic slip-planes. Crack growth will
become significantly more difficult with the increase in
the confinement [32] coupled with the increase in strain-
rate loading beyond the TSR. As such, it becomes
increasingly likely that some slip will result within the
grains. It is known that the compressive strength scales
approximately linearly with the confining pressure even
under a prevailing brittle fracture mode, exhibiting
behavior similar to the Drucker-Prager or Mohr-Coulomb
failure criterion [44]. Thus even the effects associated
with the micro-crack growth can lead to apparent ductility
in the constitutive response under large confinement.
However, such realizations of the compressive strength
are accompanied by localized damage regions in the
material with very high crack density, as has been
demonstrated both by means of experiments [44] and
numerical simulations [7; 45]. Note that such localized
damage regions were NOT observed within these
confined AION experiments, suggesting that the apparent
plasticity that is observed is not due to microcrack
growth.

® Data for AD-995 was obtained from [26]. Compressive strength vs.
strain-rate data was converted to compressive strength vs. stress-rate by
multiplying the strain-rate by the Young’s modulus. AION data is
presented in Fig. 8. The stress-rate at o/c.= 1.15 is obtained by fitting a
power-law function through the available experimental data and then
interpolating.



These considerations show that in a material with lower
flaw density and subjected to higher confinement and higher
strain-rate loading, micro-crack nucleation and growth is
suppressed to a higher degree which, therefore, makes it
more prone to deform plastically, and that the mode of the
visualized deformations is consistent with such an
expectation. The mechanisms associated with ceramic
behavior when micro-cracking is essentially prohibited
either due to very high confinement or very high strain-rates
(or both) are of interest. As the confinement and/or the
strain-rate loading increases, micro-crack nucleation can be
inhibited to such an extent that the stresses in the material
can build up sufficiently to allow substantial plastic
deformation (e.g.[1]); under such conditions a brittle-to-
ductile transition may be realized and nominally brittle
material may display a ‘limiting strength.” Such conditions
might be realized, for example, during indentation-hardness
experiments on ceramics (as illustrated in indentation
experiments on Al,O; [46]) or under tribological loading
conditions. During indentation, the region beneath the
indenter is effectively confined due to the surrounding
medium, and it subsequently yields creating a residual
impression on the material surface once the indenter is

withdrawn. The equivalent quasi-static yield strength (Y )

can be estimated through the following relation in terms of
Vickers hardness (H) Ys = H/C, where C is a constant,
typically ~3 for ductile metals (the exact value depending to
some extent on the indenter geometry [47]. However, this
formulation methodology assumes the material being
indented to be rigid-perfectly plastic (with classic von Mises
isotropic plasticity) and thus ignores the elastic deformation
[48]. Indentation hardness in ceramics can be a strong
function of load and often may involve both cracking and
plasticity at the loads at which load-insensitive data is
typically obtained. Eqn. above thus provides a very
approximate measure of strength. An expression for the
dynamic equivalent compressive strength can be obtained
from the results of plate-impact shock experiments. In such
experiments, owing to the uniaxial strain nature of the
deformation, the material experiences a very high lateral
confinement, and the material also undergoes a very high
rate of deformation (where the inertial effects may be
sufficient to halt the micro-crack nucleation); this leads to a
plasticity dominated behavior. The dynamic equivalent
strength Yp, obtained in terms of the Hugoniot elastic limit
(HEL) based on either the Tresca (or Von Mises) flow
criterion is typically expressed as
Yp = HEL(1-2v)/(1-v) [49]

Assuming that the limiting strength follows the equation,
and using the values of HEL as 11 GPa and Poisson’s ratio
of 0.25 for AION, a dynamic equivalent strength of 7.1 GPa
is obtained. Assuming the Vickers hardness of AION is 15.5
GPa together with C = 3, a quasi-static limiting strength can
be obtained to be around 5.2 GPa. The degree of
approximation of these estimates of limiting strength
depends on how much the underlying hypotheses are
correct; for instance Eqgn. (2) assumes that below the HEL,
the material undergoes elastic deformation with no damage
initiation. There has been visual evidence of extensive
macroscopic cracks in ceramics even when loading is below
the HEL (e.g. extensive macro-cracks were seen in the

recovered shock-loaded intact AD 995 alumina specimen
when it was shocked to 4 GPa, a stress well below its
[12]) , but these post-mortem observations may be
colored by the unloading process. Recognizing these
approximates, these estimates of compressive strength
presented in Fig. 4 in the form of a plot of material
strength (the equivalent stress) as a function of the
loading rate (rather than the strain-rate which is less
accurately known in these high strain-rate experiments
[50]). Within the same space, results from the uniaxial
compression experiments (along with the fitted curve) and
confined compression experiments are also plotted. The
results from confined compression experiments as well as
the earlier uniaxial compression experiments on AION are
also presented in the Figure.
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FIG. 4: Plot shows the variation of equivalent stress with the
loading rate under uniaxial condition (data is plotted as solid
diamond and is fitted with a power-law function), confined
condition (solid circles) and ‘limiting strength’ condition
realized when full plastic flow is triggered in the material
without any micro-cracking (open circles).

Note that the macroscopic equivalent stresses
realized during the confined experiments (4.2 GPa) are
lower than the limiting equivalent strengths at those
loading rates (~6.3 GPa, estimated by interpolating
between Ys and Yp) needed for plasticity-dominated
deformations. However, note also that a stress
concentration of only 1.4 — 1.6 is required (e.g. at the
triple points) to raise the local stress to the level of the
‘limiting strength’ and thereby initiate the plastic
deformation, e.g. intra-crystalline slip within the grains.
Under similar loading conditions Lankford et al. [11]
reported that the stress evolution curve of the AD-995
alumina specimen confined within the autofrettaged
device, was different from the ones obtained under the
unconfined condition and showed an apparent plasticity.
Postmortem  microscopic  analysis on the AD-
995specimen suggested the activation of multiple slip
systems and extensive grain boundary dislocation pile-ups
with no apparent macro-cracking. Such plasticity
dominated behavior was ascribed to the absence of micro-
cracking, aided by the high hydrostatic confinement in the
specimen, as the equivalent stresses rose to Yp. Moreover,
similar dislocation activities and micro-shear dislocation



bands were also observed in the fragments of JS-1* alumina
tested under unconfined dynamic loading condition in a
Kolsky bar; based on such experimental data including
microscopic analysis, it was reported that it is possible to
reach the plastic limit even under unconfined compression
experiments in ceramics which are initially sufficiently flaw
free [11]. Similarly, with a polycrystalline ceramic like
AION with *“clean” grain-boundaries and relatively few
defects (note the transparency) subjected to moderate
confinement and high strain-rate loading, it is quite likely
that some of the grains might experience limiting stresses
and yield plastically. However, if the confinement and the
loading rates are not high enough to significantly suppress
micro-cracking during the entire loading history, brittle
fracture may still be dominant.

Slip bands and dislocation arrays

FIG. 5: Bright field TEM images of the localized slip-bands
composed of dislocation arrays due to plastic deformation in an
AION fragment, after the dynamic confined-compression test.

Therefore,  aforementioned  numerical  and
experimental results significantly suggest that the present
technique does impose and maintains lateral constraint
which results in a significant change in the overall
macroscopic response (which is evident from the axial stress
evolution curves and the high-speed photographs) and the
load carrying capacity of AION. The damage evolution is
demonstrably slower than that due to brittle cracking. We
also note that due to the limited spatial resolution of the
high-speed camera photographs, it is difficult to deduce the
precise nature of the inelastic deformation more clearly for
the confined case; however, the comparative analysis on the
deformation and the damage evolution between the confined
and unconfined cases does indicate the possibility of an
additional inelastic deformation in the presence of
confinement. Microscopic examinations of the residual
debris ° have indicated dislocation plasticity in some
fragments. Fig 5 shows the bright field TEM images of the
localized slip bands composed of dislocation arrays in a
fragment. These dislocations have not been seen in the as-
sintered samples. High-resolution electron microscope
(HREM) image (Fig 6) shows that the dislocations in the

4 High purity hot-pressed 99.9 % Al,O3 with extremely clean and pore free
grain boundaries
5 . . . . .

the final failure process may well involve massive cracking,
fragmentation and reloading within the experimental apparatus.

slip bands are dissociated into two partial dislocations
along <110> directions on {111} slip-planes.

FIG. 6: HREM image shows that the dislocations in the slip-
bands (see Fig. 5) are dissociated dislocations composed of two
partials along <110> directions on {111} slip- planes. The width
between the two partial dislocations is ~ 15 nm, suggesting low
stacking fault energy of AION.

The dissociation width between the two partials is of
about 15 nm, suggesting the low stacking fault energy of
AION. Microscopic characterization of the fragments
from both confined and unconfined samples also reveals
that the eventual fragmentation of AION is by cleavage
that results in sharp facets of fragments (Fig. 7). However,
it is not known at this time if the micro-cleavage
characteristics are altered by the confinement. HREM
micrographs of the facet edges of the fragments obtained
after the dynamic confined-compression tests suggest that
the cleavage is mainly along low-index {111} planes.

FIG. 7: HREM image shows the facet edges of an AION
fragment, obtained after the dynamic confined-
compression test; result also suggests that the cleavage
facets are parallel to {111} planes with atomic-scale
steps.

4. Summary



An experimental technique is developed to impose
controlled planar lateral-confinement on a specimen
subjected to the axial dynamic compressive loading
achieved through modified compression Kolsky bar
technique. In principle, planar confinement levels as high as
1 GPa can be achieved in the specimen with the help of this
technique. The lateral-confinement was implemented by
bolting two stiff steel blocks on the lateral surfaces of a
prismatic specimen (with a rectangular cross-section).
Annealed steel is used as a cushion which is sandwiched
between the specimen and the T-blocks to reduce the stress
concentrations at the interfaces. FE analysis, conducted to
monitor the change in the confinement level during the
course of dynamic axial loading, indicates that the
confinement level is quite uniform, both spatially and
temporally.

The technique was used in conjunction with the
high-speed photography to study the dynamic compressive
behavior of a transparent polycrystalline AION ceramic
under confinement. The high-speed photographs were used
to obtain real-time data on the damage kinetics during the
compressive failure of AION. Experimental observations
suggested that in the presence of lateral confinement — (a)
axial stress evolves in a non-linear fashion; (b) there is an
apparent increase in the load carrying capacity of the
material — as compared with the uniaxial compression
experiments with no confinement [16]. High-speed
photographs for the confined case suggest an inelastic
deformation, evolution of which is slower than the typical
brittle-cracking type of damage apparent from the high-
speed photographs for the unconfined case shown in [16].
The TEM and HREM analysis on the fragments after these
tests indicated dislocation plasticity in some fragments;
dislocations in the slip bands were characterized to be
dissociated <110> dislocations on {111} planes. The width
between two partial dislocations was about 15 nm,
suggesting low stacking fault energy of AION. Microscopic
characterization also reveals that the eventual fragmentation
of AION is by cleavage mainly along low-index {111}
planes.
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